ABSTRACT Photonic crystal fibers (PCFs) with hybrid guiding mechanisms have undergone substantial development in recent years. Due to the co-existence of index-guiding and photonic bandgap (PBG)-guiding mechanisms in this special class of PCFs, many peculiar properties have been investigated and demonstrated as advantageous and favorable in many applications. This review paper provides a comprehensive review of the recent progress of these hybrid guiding PCFs. The first part explains the principles of the hybrid guiding mechanisms in the PCF structures. The hybrid guiding PCFs are realized in three approaches, including polarization-dependent hybrid guiding PCFs, radial hybrid guiding PCFs, and two-core hybrid guiding PCFs. This is followed by a review of various development and applications for each type of hybrid guiding PCFs in the second part, including tunable filters, high power lasers, nonlinear optics, and polarization optics and sensing applications. Finally, the considerations and challenges on the potential applications of the hybrid guiding PCFs are discussed.
I. INTRODUCTION
Photonic crystal fibers (PCFs), a breakthrough invention of fiber optic technology which breaks the physical limits of conventional optical fibers and introduces new guiding mechanisms into the structure, have been rapidly developed with unparalleled features and performance for numerous applications in the past two decades. First of all, conventional optical fibers usually have a limited refractive index difference between the core and the cladding due to limited doping concentration which is associated with high attenuation loss. Secondly, small core size in conventional optical fibers to ensure single mode transmission often leads to undesirable nonlinearity effects for communication applications or hindrance effect on high power applications. In addition, there is not much flexibility to significantly enhance the The associate editor coordinating the review of this manuscript and approving it for publication was San-Liang Lee. nonlinear effects in conventional optical fibers for nonlinear optics applications. In comparison, PCFs with arrays of air holes in the cross sections over entire length of the fibers, allow large controllability and flexibility in tailoring the microstructure geometry, the air filling fraction, the materials to fill within the air holes for more versatile functionalities, and even hollow core guidance can be realized by new light guiding mechanisms. Since its discovery, PCFs have demonstrated many unique features and provided significant flexibilities in designing and controlling the optical properties that are not attainable in conventional optical fibers. The flourished research progress in the PCF technology was reviewed by numerous articles with various emphasis. For example, the pioneering works in PCFs were reviewed in [1] - [3] . PCFs for sensing applications were reviewed in [4] - [6] . In addition, the PCFs can be used as a substrate for inclusions of other materials, such as liquid, gas and solid for various applications as reviewed in [7] . The PCF-based optofluidic sensor applications was reviewed in [8] . It should be highlighted that PCFs are a desirable platform to integrate with plasmonic micro-nanostructures for greater opportunities in performance and versatility. The works on plasmonic PCFs and their applications were reviewed in [9] - [11] . The usage of PCFs in development of novel fiber lasers was reviewed in [12] . In addition, PCFs have introduced broad opportunities for nonlinear optics as reviewed in [13] , [14] . As it is a rapidly developing field, active research effort is being continuously devoted to the advancement of the PCF technologies and realizations of the various applications.
PCFs can be characterized by various guiding mechanisms, including index-guiding mechanism, photonic bandgap (PBG)-guiding mechanism, inhibited coupling-guiding mechanism, antiresonance-guiding mechanism, and twistinduce guiding mechanism. The detailed explanation of each guiding mechanism in different types of PCFs was provided in a recent review article [7] . Different from most reported PCF structures, in which only one guiding mechanism is present, there is a special group of PCFs with co-existence of both index-guiding and PBG-guiding mechanism, referred as hybrid guiding PCFs in the subsequent sections in this article. The first experimental study of such hybrid guiding PCFs was reported in [15] , followed by a theoretical study as reported in [16] . Because of the interactions between the two guiding mechanisms, hybrid guiding PCFs exhibit interesting properties which enable many exploitable applications. Therefore, they received significant attention from the PCF research community. Substantial development in hybrid guiding PCFs has been witnessed, from realizations of tunable filters, high power lasers, nonlinear optics, and polarizations optics to various sensing applications. To the best of our knowledge, there is none review paper on the hybrid guiding PCFs from the angle of the guiding mechanism. It is the focus and the purpose of this review article, to provide an in-depth and comprehensive review on the progress and the prospects of the hybrid guiding PCFs that can serve as a guide and a reference for interested researchers for further explorations and investigations. In this review, the operating principles of the hybrid guiding mechanisms in the hybrid guiding PCFs are introduced, followed by an overview on the progress in the various development and applications. Finally, a discussion on their opportunities and challenges is presented.
II. HYBRID GUIDING MECHANISMS IN PCFs

A. INDEX GUIDING MECHANISM
Similar to conventional optical fibers, the light guidance of the PCFs can be realized by trapping and propagating the light in the core region with higher refractive index than that of the cladding region. In conventional optical fibers, dopants are added to the core regin to obtain higher refractive index. In PCFs, the effective refractive index in the holey cladding region can be characterized by a parameter n fsm corresponding to the fundamental space filling mode of the assumed infinite periodic structure [17] . The value of n fsm lies between the refractive index of air and silica, and can be flexibly controlled to realize very high index contrast or low index contrast by engineering the lattice geometry and air filling ratio of the holey structure. This flexibility has enabled PCFs to demonstrate many favorable features such as endless single mode operation [17] , very large numerical aperture [18] , large mode are with low bend loss [19] , [20] , high nonlinearities with dispersion tailoring [21] , [22] , single polarization single mode operation [23] , [24] , and high birefringence [25] , [26] etc.
The index-guiding principle can be illustrated from the β-k plot where β is the propagation constant, and k is the free space wavenumber in Fig. 1 . For a homogeneous and isotropic medium with refractive index n, the radiation line β = nk defines the onset of the total internal reflection (TIR) for light that is incident from another medium with a higher refractive index. On the radiation line, the critical angle is reached. Above the radiation line, the light is free to propagate whereas the light is evanescent below the radiation line. In conventional optical fibers, the refractive indices in the core and the cladding are denoted as n core and n clad respectively. In index-guiding PCFs, the holey cladding's radiation line β = n fsm k . The inset figure shows a typical solid core PCF with air holes arranged in triangular lattice embedded in silica. The core's radiation line lies below the cladding's radiation line in both conventional optical fibers and index-guiding PCFs due to higher refractive index in the core region. Therefore, optical confinement by index-guiding mechanism in the core region of an optical fiber (including both conventional optical fibers and index-guiding PCFs) only occurs in the region enclosed by the cladding's and core's radiation lines. Because of the similarity of the guiding mechanism in the index-guiding PCFs and that is present in the conventional optical fibers, index-guiding mechanism is also referred as modified total internal reflection (MTIR) guiding mechanism. 
B. PBG-GUIDING MECHANISM
The shaded 'finger tips' regions in Fig. 2 refer to bandgaps formed in a typical holey structure with triangular lattice configuration embedded in silica, where it is forbidden for propagating modes within the holey structure. The inset figure shows a hollow core PCF with holey structure in the cladding. The hollow core acts as a 'defect' in the photonic crystal structure. The radiation lines of the core and the cladding are denoted as β =k and β = n fsm k respectively. As the refractive index of the hollow core is lower than n fsm , the core's radiation line lies above the cladding's radiation line. It is clear that index-guiding mechanism does not allow optical confinement in the hollow core PCFs. Nevertheless, the bandgaps that exist above the core's radiation line can be utilized to realize hollow core guidance. The principle of PBG-guiding mechanism is therefore to utilize the bandgaps above the core's radiation line, i.e. the airline, within which the light is not allowed to propagate in the photonic crystal cladding but confined in the hollow core. The same principle can be applied to other PBG PCFs with low index core or all solid PBG fibers.
C. HYBRID GUIDING MECHANISM
It is possible to realize optical confinement by both indexguiding and PBG-guiding mechanisms in the same PCF, which are referred as hybrid guiding PCFs in the article. The co-existence of both guiding mechanisms has led to many interesting features that were later demonstrated by researchers as useful and desirable features in applications including filters, fiber lasers and amplifiers, nonlinear optics, polarization optics, and sensors.
There are three approaches of creating the co-existence of two guiding mechanisms in PCF structures. The first approach is to break the symmetry of the degenerated fundamental mode in the PCF structure and the two orthogonally polarized core modes are formed by different guiding mechanisms [15] . In this approach, high index materials such as high-index rods were replacing one or more rows of air holes in the holey cladding of a silica core PCF, so that light can be guided by index-guiding mechanism in one direction and by PBG-guiding mechanism in the other direction. One example of the reported hybrid guiding PCF structure is shown in Fig. 3 [15] . B-doped and F-doped silica were introduced into all solid PCFs with Ge-doped cladding rods to form the hybrid guiding mechanism [27] . Similar structures were realized by selectively infiltrating high-index liquids into the air holes to create hybrid guiding mechanisms [28] . Using capillary effect, liquid can go up to ten centimeters or several tens of centimeters in micron air holes, depending on the liquid surface tension and liquid density. The liquid filled PCFs are commonly used for short length applications, e.g. in centimeter scale, where loss is not a significant concern.
Alternatively, the polarization-dependent guiding mechanism can be realized by making use of the birefringent properties of the infiltration material, i.e. nematic liquid crystal (NLC) within the holey cladding of PCFs. Sun et al. proposed a non-silica glass PCF structure infiltrated with NLC into the air holes [29] . The refractive index of the background glass, the ordinary and extraordinary refractive indices of the NLC, are n b , n o and n e respectively, satisfying the condition: n e >n b >n o . Using external electric filed control, the NLC molecules can be aligned along the direction of the electric field, e.g. along the y-direction as shown in Fig. 4 . The proposed fiber thus relies on index-guiding mechanism along the x-direction, and bandgap-guiding mechanism along y-direction. It should be noted that if the fiber glass material has a refractive index that satisfies the condition: n e >n o >n b , instead of hybrid guiding mechanisms, the liquid crystal filled PCF (LCPCF) would have polarization-dependent bandgapguiding [30] . Both designs can be used to achieve ultrahigh birefringence, as well as single polarization single mode applications [29] , [30] .
The second approach is to construct radial hybrid guiding PCF structures in which the central core is surrounded by layers of photonic crystal cladding which support both the index-guiding and bandgap-guiding mechanisms. The coexistence of hybrid guiding mechanisms can be achieved by introducing index guidance in a bandgap guiding PCF with a photonic crystal cladding. The index guidance is achieved by either lowering the effective index of the cladding, or raising VOLUME 7, 2019 the refractive index of the core [31] - [34] . For example, in the reported design of [32] , as shown in Fig. 5 , interstitial air holes are introduced into the all-solid bandgap PCF to reduce the effective index of the photonic crystal cladding n fsm . The core region is formed by removing the first ring of air holes and can be considered as a defect in the photonic crystal lattice. As a result, the fiber structure supports both the indexguiding mechanism as the refractive index of the silica core is higher than n fsm , and bandgap-guiding mechanism due to the photonic crystal cladding structure. The band and dispersion diagram of the hybrid fiber structure is also shown in Fig. 5 , showing two fundamental modes guided by index-guiding and bandgap-guiding mechanism respectively. The proposed fiber design can be used to achieve phase matching between the two fundamental modes guided by different mechanisms, for second or third harmonic generation.
Alternatively, photonic bandgap guidance can be introduced to an index-guiding PCF to obtain hybrid guidance [35] - [37] . For example, a ring of high-index rods is introduced to surround the solid core in an index-guiding PCF as shown in Fig. 6(a) . The proposed PCF structure supports both a bandgap-like core mode and the index-guided core mode due to the coexistence of two guiding mechanisms. The bandgap-like core mode resembles the properties of the core mode of an all solid bandgap fiber with doped rods in the cladding. However, the bandgap-like core mode exhibits broader spectral range than the bandgap and significantly reduced confinement losses as compared to the all solid bandgap fiber. The numerical studies of the proposed fiber design are summarized in Fig. 6(b) , showing the effective index and the confinement loss of the bandgap-like core mode and index-guided core mode in the radially hybrid fiber. The proposed fiber design can be used as mode filter, or be used to ease phase matching conditions for nonlinear optics [35] .
The third approach is to construct a two-core PCF structure with each core guiding light using either index-guiding or bandgap-guiding mechanism. For example, Sun proposed a two-core PCF coupler structure with one core surrounded six rods with higher refractive material and the other core surrounded by holey cladding as shown in Fig. 7 . Compared to broadband fiber coupling structures, the phase matching in the proposed hybrid guiding fiber is satisfied at a particular wavelength between the two core modes with the same propagation constant and the couplings occur over a narrow spectral range, enabling promising applications in narrow band filtering applications [38] . Similar structures have been reported by infiltrating high refractive index liquid crystals into the air holes surround one of the silica core in a two-core PCF structure [39] , [40] .
Other guiding mechanisms, such as inhibited couplingguiding mechanism, antiresonance-guiding mechanism, and twist-induce guiding mechanism can be realized in other types of PCF structures. They are explained in detail in [7] and are not discussed in this article.
III. REVIEW ON DEVELOPMENT AND APPLICATIONS OF HYBRID GUIDING PCFs
A. BACKGROUND
The first hybrid guiding PCF was fabricated using stack-anddraw technique. A standard multimode fiber preform with a plain silica cladding and a Ge-doped core was stacked with hollow silica capillaries and a single plain silica rod to form the bandgap guiding structure, whereas the index-guiding structure was formed by stacking silica capillaries in hexagonal pattern [15] . Two types of multimode preforms were used to fabricate the hybrid guiding PCFs, as shown in Fig. 8 . Both fibers exhibited hybrid guiding mechanisms. Subsequently, Xiao et al. presented an in-depth theoretical investigation of two kinds of hybrid guiding PCF structures using the same approach [16] . The schematics of two proposed hybrid guiding PCFs are shown in Fig. 9 . There are several features observed in the modal analysis of the proposed hybrid guiding PCFs. Firstly, the fundamental modes are not degenerate due to the asymmetry of the transverse structure in two orthogonal directions. Secondly, the hybrid modes for light guiding only occur when both index-guiding and PBG-guiding are satisfied. As a result, the hybrid modes also exhibit discrete bands with cut-off wavelengths that are at the edges of the bandgap of the bandgap-guiding PCF. Thirdly, at the wavelength corresponding to the intersections of the dispersion curves of the index-guiding and bandgap-guiding PCF, the hybrid modes have the same mode index at the phase matching wavelength. In the analysis, index-guiding PCF refers to the structure without any high-index rods; whereas bandgap-guiding PCF refers to the structure in which all the air holes are replaced by the high-index rods.
Following the first experimental and theoretical reports on hybrid guiding PCFs [15] , [16] , the PCF research community has put significant efforts in understanding their properties, exploring and developing numerous hybrid guiding PCF-based applications such as tunable filters, high power lasers, nonlinear optics, and polarizations optics to various sensing applications. In subsequent sections, the reported applications are reviewed based on the approaches, namely polarization-dependent hybrid guiding PCFs, radial hybrid guiding PCFs and two-core hybrid guiding PCFs.
B. POLARIZATION-DEPENDENT HYBRID HUIDING PCFs
By breaking the mode degeneracy via utilizing the air holes and high index cladding structure along orthogonal directions, polarization-dependent guidance can be achieved in hybrid guiding PCFs. This approach has enabled several hybrid guiding PCF-based applications including lasers and amplifiers, single polarization operation and sensing which are reviewed in this section.
By introducing high index cladding structure along one transverse direction in the large mode area PCFs, the polarization-dependent hybrid guiding PCFs exhibit advantages of spectral filtering while maintaining single mode operation which are both desirable in lasers and amplifiers applications.
Yb 3+ -doped fiber amplifier with hybrid guiding mechanisms that is used for amplification above 1100 nm was studied in recent years. Petersen et al. demonstrated a novel hybrid guiding Yb 3+ -doped PCF amplifier with the fiber schematic as shown in Fig. 10 [41] . The holey fiber cladding was modified by replacing three rows with high index inclusions to form bandgap guiding cladding for spectral filtering. The large core was formed by seven missing holes. The outer cladding is a ring of large air holes used for pump guidance. Compared with an earlier design having one row of high index inclusion [42] , the proposed fiber achieved larger suppression of amplified spontaneous emission, improved gain shaping properties due to enhanced bandgap effect realized by more high index inclusions, and a larger modal birefringence due to the asymmetry [43] .
Power scaling in the high power amplifiers requires special care in fiber design to address the limiting factors of nonlinear effects such as stimulated Raman scattering, stimulated Brillouin scattering, and four wave mixing (FWM). More importantly, it is necessary to remain single mode guidance with an increasing core size. The main advantages of using hybrid guiding PCFs in the power scaling applications are attributed to their abilties to maintain single mode operation and spectral filtering for suppressing undesirable nonlinear effects.
In the experimental study by Petersen et al. [41] , a slope efficiency of 35% was obtained and an output power of 53W was achieved as shown in Fig. 11 . Further power scaling was limited by parasitic lasing which was observed at 1000 nm.
Mart et al. presented an experimental study of using a hybrid microstructured Yb 3+ -doped fiber amplifier, with large core diameter of 35 µm and spectral filtering for suppressing stimulated Brillouin scattering and modal instability. In addition, the feasibility of power scaling was also demonstrated by the hybrid microstructured fiber amplifier [44] . The FWM effects in large mode area (LMA) hybrid guiding PCFs were studied both theoretically and experimentally, showing that the LMA hybrid guiding PCFs can be used as effective waveguides to control and optimize the spectral position of the FWM products, thus providing more flexibility in developing high power amplifiers at wavelengths not easily accessible with e.g. rare earth ions [45] . Intermodal FWM process was demonstrated in hybrid guiding PCFs. Both co-and orthogonally polarized pump, signal and idler were used in the simulation for calculating the parametric gain. Intramodal birefringence assisted phase matching and intermodal phase matching were observed [46] . By controlling the polarization of the pump state between the principle axes of the LMA hybrid guiding PCF, the parametric gain of FWM can be switched on or off [47] .
Besides using holey structure PCFs, hybrid guiding has also been reported using all solid PCFs, in which the core is pure silica and the low index F-doped silica rods array are arranged in hexagonal array in the cladding to form the index guidance, whereas the high-index Ge-doped silica rods are placed periodically along x-direction to form the bandgap guidance. The fiber schematic is shown in Fig. 12 [48] . The proposed hybrid guiding fiber has enabled polarization maintaining operation in a fundamental mode which is spectrally filtered by photonic bandgap effect. Subsequently, a narrow linewidth Yb 3+ -doped hybrid guiding PCF laser at 1178 nm was reported to demonstrate ASE suppression by the bandgap effect. The laser generated a narrow-linewidth (0.05 nm), 0.5 W CW output with 14% slope efficiency without the onset of parasitic lasing [49] .
The polarization properties of the hybrid guiding PCFs have been exploited for single polarization guidance which is desirable for creating high polarization extinction ratio of linearly polarized fiber lasers and amplifiers [50] , [51] . Goto et al. reported a birefringent hybrid microstructured fiber with extra B-doped SAPs for single polarization operation over 25 nm. The cross section of the fiber is shown in Fig. 13 [50] . Another hybrid guiding PCF structure was report 67474 VOLUME 7, 2019 for broadband single polarization operation over 225 nm [51] . The SEM of the hybrid PCF and the transmission spectra are shown in Fig. 14 . The proposed structure has potential to develop multi-and broadband optical polarizers [52] . Polarized Bragg reflection was produced by a UV-induced Bragg grating in a single-polarization all-solid hybrid microstructured optical fiber, enabling the integration of polarizer and Bragg reflector within the same fiber which is desirable in constructing linearly polarized fiber lasers [53] .
Hybrid guiding PCFs are used as sensing elements physical magnitudes by measuring the changes in transmission spectrum of the hybrid PCF sensor in interferometric configurations. For example, Gu et al. used a modal interferometer configuration to detect strain and temperature and reported high strain sensitivity of 23.8 pm/µε and high temperature sensitivity of -1.12 nm/ • C [54] . Birefringence resulted from the asymmetry of the structure in the hybrid guiding PCFs was measured against the temperature and strain using interferometric configurations [55] - [57] . Pang et al. studied the hybrid PCF sensor response to axial strain and temperature using Sagnac interferometry configuration, showing sensitivities of 2.01 nm/mε and -0.334 nm/ o C, respectively when the fringe measurement was monitored at the wavelength of 1550 nm [55] . A hybrid PCF strain sensor using cascaded Sagnac Interferometer configuration was reported to compensate temperature crosstalk. The experimental setup is shown in Fig. 15 . The proposed sensor offered high strain sensitivity of 25.6 pm/µε and a low temperature sensitivity of −9 pm/ • C [56] . By selectively infiltrating air holes of PCFs with tunable liquids, the birefringence of the hybrid PCF is controllable for sensing applications. Han et al. demonstrated that if the infiltrated liquids have higher index than that of silica, the coupled high-index-rod modes have impacts on the birefringence properties thus enabling sensing capability. Two hybrid PCFs (HPCFs) were used to construct temperature sensors, with temperature sensitivity of −45.8 nm/ • C at 56.5 • C using one HPCF, and a sensitivity of −11.6 nm/ • C from 65 • C to 85 • C was achieved using the other HPCF [57] .
The experimental or theoretical investigation results of the polarization-dependent hybrid guiding PCFs-based devices are summarized in Table 1 , for applications including lasers and amplifiers, single polarization operation and polarizers, and sensors.
C. RADIAL HYBRID GUIDING PCFs FOR FREQUENCY CONVERSION
Frequency conversion using all fiber devices in desirable wavelength regions is highly challenging and attractive for nonlinear optics applications. The generation of new VOLUME 7, 2019 frequencies from frequency conversion paves the way for extending the spectral range of laser resources for various applications. The challenges are mainly associated with the manipulation of the nonlinear effects and the dispersive effects, such as difficulties in fulfilling the phase matching conditions for harmonic generations. Radial hybrid guiding PCFs have been proposed and demonstrated as a suitable candidate for frequency conversion due to their flexibility in controlling the dispersion and nonlinearity.
Index guidance can be introduced into bandgap guiding PCFs by creating index difference between the core and the cladding, either by raising the refractive index of the core or lowering the effective index of the cladding. The first report of radial hybrid guiding PCF was proposed by Perrin et al. [31] , and subsequently the structure was propsed for frequency doubling or tripling by Bétourné et al. [32] . The coexistence of both index-guiding and bandgap-guiding mechanism was demonstrated in the proposed structure illustrated in Fig. 5(a) . The introduction of interstitial air holes in photonic crystal cladding enabled the flexibility to lower the fundamental space filling mode index below the silica core index, thus making the index-guiding in the core possible with the defect core design by removing the first ring of the six interstitial air holes around the silica core. The phase matching for second and third harmonic generation using the proposed design were demonstrated theoretically, by adjusting the structural parameters such as the pitch, air hole size. In addition, the phase matching condition can be tuned spectrally by changing the structural parameters as well, which is desirable for harmonic generation [32] . Similar concept of achieving hybrid guiding mechanisms in PCF was reported by Lin et al., using PCFs with a cladding of high-index arrays with internal air holes [33] . The proposed structure is shown in Fig. 16 . The bandgap guidance was resulted from the periodic structure of high index rings (HIRs) in the cladding which are formed in a triangular lattice. The core was formed by 7 missing unit cells. The index guidance was achieved by lowering the effective index of the cladding than that of the silica core. The proposed structure was simulated for coexistence of both guiding mechanisms associated with two guidance regions, i.e. 580-950 nm based on photonic bandgap effect and 2.0-4.6 µm based on index guiding mechanism respectively. In addition, the multi-modes were observed in both guidance regions which would facilitate the intermodal frequency conversion within each region or across the two guidance regions [33] . All solid PCFs (ASPCFs) were also demonstrated to achieve third order harmonic generation by phase matching the index-guided fundamental HE 11 mode for the infrared source and a bandgap-guided higher-order HE 12 mode for the ultraviolet radiation. The index guidance was achieved by raising the refractive index of the core than the effective index of the cladding [34] .
For index guiding PCFs, bandgap guidance can be realized by creating a photonic crystal structure in the core region to achieve bandgap guided core modes, such as index-guiding PCF structure with a ring of high index rods around the silica core [35] , [36] or with a hexagonal arrays of high index rods surrounding the core with lower index [37] . As illustrated in Fig. 6 , the proposed design was demonstrated to have a bandgap-like core mode which has a broad spectral range and low confinement loss compared to all solid bandgap fiber. In addition, the index-guided core mode exist in long wavelengths. The features are desirable for mode filtering applications and nonlinear optics applications with appropriate phase matching conditions [35] . The same hybrid guiding fiber design was used to demonstrate the robustness of four-wave mixing stability [36] .
More recently, Cavanna et al. reported a hybrid guiding PCF for third harmonic generation from 1596 nm to 532 nm in single-lobed modes [37] . The PCF structure is presented in Fig. 17 , showing an all-solid PBG-PCF to guide the short wavelength signal, whereas the long wavelength signal is guided by index guidance resulted from the radial holey cladding. The index-guided fundamental mode is phase matched to the PBG-guided mode at third harmonic wavelength as shown in Fig. 18 . Experimental investigations of the third harmonic generation were carried out using the VOLUME 7, 2019 fabricated PCF that was pumped by an optical parametric generator and seeded with a tunable single frequency laser. The results are shown in Fig. 19 , presenting the spectra of the pump signal and the third harmonic signal, as well as the measured near-field intensity of the corresponding modes. The results also confirmed a significant enhancement in the modal overlap for third harmonic generation in the fabricated PCF compared with standard step index fiber, showing promise to generate entangled photon triplets [37] .
The investigations of radial hybrid guiding PCFs-for frequency conversion are summarized in Table 2 .
D. TWO-CORE HYBRID GUIDING PCFs for FILTERING AND SENSING APPLICATIONS
Hybrid guiding PCFs with two-core structures have been reported for filtering and sensing applications. Such devices present significant phase mismatch between core modes by different guiding mechanisms, except at phase match wavelength. Therefore, it is possible to achieve several desirable features such as precise control of the filtering wavelength, narrow bandwidth of the coupling, side-lobe free coupling, and high sensitivity for sensing applications etc.
The first report of using two-core hybrid guiding PCFs for filtering application was presented by Sun [38] . The proposed fiber structure is shown in Fig. 7 , in which two cores guide light based on index-guiding and PBG-guiding mechanism respectively. By treating each core as an individual waveguide, i.e. a single-core index-guiding PCF and a single-core photonic bandgap fiber (PBGF), the dispersion relationships and the phase matching wavelengths of the hybrid guiding PCF structure were analyzed for simplicity, as depicted in Fig. 20 . The phase matching wavelengths between the two waveguides in the fundamental and the second bandgap of the PBG-guiding core are found at the intersections of the effective mode indices of the two core modes. The inset figures illustrate the mode profiles at the phase matching wavelengths in the hybrid PCF structure, showing overlaps of modal intensities between two cores. Complete power transfer between two cores occur at the coupling length of the hybrid PCF structure, which is significantly shorter than conventional optical fiber couplers. Furthermore, the proposed structure can be optimized by replacing the central high-index rod to a void for narrowband power coupling between two cores as presented in Fig. 21 , which enables the narrowband filtering applications at desirable wavelengths. The computed coupling bandwidth is 17 nm using a 3.6 mm hybrid guiding PCF structure with a void in the center between two cores.
By introducing thermally tunable materials into the hybrid guiding PCF structures, such as high refractive index liquid crystals to create photonic bandgap structure, Hu et al. reported and demonstrated thermal tunability of a hybrid guiding PCF coupler with promising potential for filtering and sensing applications [39] .
By monitoring the spectra properties such as the resonance wavelengths and/or the intensity, hybrid guiding PCFs were proposed and demonstrated for highly sensitive sensing measurements in recent years [40, 58, 59] . Xu et al. used a twin core PCF structure with selective infiltration of high refractive index liquid crystal, 5CB into the air holes around one of the solid core to realize the coexistence of bandgap guiding mechanism and the index guiding mechanism. The PCF structure and the refractive index profile of the liquid crystal used in the work is shown in Fig. 22 . Due to the thermal tunability of the refractive index of the liquid crystal, the proposed structure was experimentally demonstrated to exhibit high temperature sensitivity of up to 4.91 nm/ • C for nematic phase of 5CB, and -3.68 nm/ • C for isotropic phase of 5CB as shown in Figure 23 , respectively, which could find applications in temperature-tunable optical filtering in optical fiber communication, sensing and laser systems.
The results of two-core hybrid guiding PCFs-for filtering and sensing applications are summarized in Table 3 .
IV. CONCLUSION and PERSPECTIVES
The co-existence of index-guiding and bandgap-guiding mechanism in the hybrid guiding PCFs has provided great flexibility in shaping and controlling the light propagation properties, thus enabling versatile functionalities and applications to be achieved. There has been significant development and growth in the hybrid guiding PCF technology recently. The three major approaches to construct the hybrid guiding PCFs are reviewed thoroughly in the paper, from the perspectives of both the technology and applications. Hybrid guiding PCFs can be modified from the structures of both indexguiding PCFs and bandgap-guiding PCFs by introducing the structure that relies on the other guiding mechanism into the fiber. The bandgap-guiding structure can be realized by arrays of high-index inclusions such as Ge-doped rods or high-index fluids that are introduced into one direction of the waveguide cross section. The index-guiding structure can be based on holey structure or arrays of low-index inclusions such as F-doped rods. Polarization-dependent hybrid guiding PCFs possess index-guiding and bandgap-guiding mechanism in the orthogonal directions respectively by breaking the symmetry in the waveguide structure. They are developed for applications in lasers and amplifiers, single polarization operation and sensing for various parameters. Radial hybrid guiding PCFs retain the structure symmetry, but differ in guiding mechanisms in the inner and outer structure. They are demonstrated as a suitable structure for fiber based frequency conversion which is promising to develop all fiber based nonlinear optic devices and applications. Two-core hybrid guiding PCFs possess different guiding mechanisms in each core, exhibiting properties of precise control of the filtering wavelength, narrow bandwidth of the coupling and sidelobe free coupling. Two-core hybrid guiding PCFs have been reported for high sensitivity for sensing applications.
The precise control of mode coupling between the indexguiding and bandgap-guiding modes is critical to ensure the performance of the designed structure and device. It is noted that the challenges of developing hybrid PCF based devices and applications are mainly due to the technical challenges in fabricating the intricate features of the PCF structures with good uniformity along fiber length. Therefore, the rapid progress in PCF fabrication technologies and postprocessing techniques are favorable to develop hybrid guiding PCF devices in ensuring the precision of microstructures in the fiber, thus minimizing the discrepancies between the design and the actual performance. Hybrid guiding PCFs are expected to provide more opportunities in developing scientific and industrial applications.
